IMPORTANCE Randomized trials have established the long-term safety and efficacy of hypofractionated whole-breast radiotherapy, but little is known about the acute toxic effects experienced by patients treated with hypofractionation as compared with conventional fractionation, particularly in real-world settings and from the patient's own perspective.
R andomized trials have established that hypofractionated regimens of radiotherapy to the whole breast can provide long-term disease control that is equivalent to the excellent outcomes of more protracted conventional fractionation schedules in selected patients undergoing lumpectomy for breast cancer. 1, 2 Hypofractionation might also result in lower rates of late toxic effects than conventional fractionation. 2 Although the American Society for Radiation Oncology has issued consensus guidelines 3 to identify patients in whom hypofractionation is appropriate and endorsed consideration of hypofractionation in its Choosing Wisely campaign, 4 uptake of hypofractionated regimens has demonstrated considerable variability worldwide [5] [6] [7] [8] and has been relatively slow within the United States.
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The hypofractionated schedules evaluated in recent trials have deliberately paired the increase in fraction size with lower total dose, given concerns about toxicity when large fraction sizes were used to deliver higher total doses to the whole breast. 12 Scholars have suggested that breast cancer cells may have a lower α to β ratio than typically ascribed to tumor cells, which renders them vulnerable to larger dose per fraction and allows for tumor control at lower total doses than when dose per fraction is smaller. Because acutereacting normal tissues are expected to demonstrate toxic effects that relate to total dose, with lesser dependence on fraction size, it is possible that the use of schedules such as 42.5 Gy in 16 fractions or 40 Gy in 15 fractions might actually result in lower rates of bothersome symptoms that typically occur during and soon after radiation treatment, including dermatitis, pain, and fatigue, with important implications for quality of life. However, the reports of randomized trials to date have provided little information comparing acute toxic effects with hypofractionation as compared with conventional fractionation, [13] [14] [15] [16] [17] and no evidence of comparative effectiveness or patient-reported outcomes has been available from cohorts of patients treated outside the context of clinical trials. The Michigan Radiation Oncology Quality Consortium (MROQC) is a multicenter, prospective collaboration through which detailed clinical, sociodemographic, treatment, dosimetric, and outcomes data are collected for patients receiving adjuvant radiotherapy after lumpectomy at 18 centers in the state of Michigan. 10 It is funded by Blue Cross Blue
Shield of Michigan, but data are collected on all eligible patients within participating practices, regardless of insurance type. Because MROQC includes physician-assessed and patient-reported toxicity information from a large cohort of patients treated with varying fractionation schedules outside the context of selective and controlled clinical trials settings, it provides a unique opportunity to document in detail the acute toxic effects experienced by patients receiving breast radiotherapy in modern practice. It also allows for an evaluation of the comparative effectiveness of hypofractionated regimens as compared with conventional fractionation schedules in terms of the frequency and severity of acute toxic effects that commonly occur during adjuvant wholebreast radiotherapy.
Methods

Sample
We considered a cohort of patients with breast cancer registered by MROQC (an institutional review board-approved initiative with consent waiver) from its inception in October 2011 through June 2014. From the 2604 patients identified as receiving adjuvant radiotherapy after lumpectomy for unilateral breast cancer during that selection period, we limited the cohort to the 2318 for whom there was a comprehensive physician toxicity evaluation within 1 week of completion of radiotherapy (which we defined as the "end of treatment evaluation"), as well as at least 1 weekly toxicity evaluation during treatment. We further excluded 9 patients registered by newly participating institutions that had not yet registered more than 10 patients, in order to allow for quality control and analysis by institution. This left 2309 patients in the final sample for analysis of physicianevaluated outcomes during treatment. Follow-up physician assessments, completed at visits between 8 and 210 days after end of treatment, were available for 1781 of the 2309 patients.
Of the 2309 patients analyzed for physician-assessed outcomes during treatment, 1723 patients had completed at least the comprehensive end-of-treatment questionnaire and at least 1 weekly questionnaire during treatment; these 1723 women constituted the sample for analysis of patient-reported outcomes. Follow-up patient questionnaires, completed between 8 and 210 days after end of treatment, were available for 1368 of these 1723 patients.
Measures
Physicians were asked to complete toxicity forms at baseline, weekly during treatment, and approximately 3 months after treatment, as well as during any other follow-up visits. These physician toxicity forms (eAppendix 1 in the Supplement) included lists of Common Terminology Criteria for Adverse Events (CTCAE), version 4.0, toxicities commonly observed
At a Glance
• Our consortium evaluated the acute toxic effects experienced by patients treated with hypofractionated whole-breast radiotherapy as compared with conventional fractionation using both physician-assessed and patient-reported outcome measures.
• During treatment, patients receiving conventionally fractionated whole-breast radiotherapy had significantly higher maximum physician-assessed skin reaction (grade Ն2 dermatitis, 62.6% vs 27.4%; P < .001).
• Patients treated with conventional fractionation also had higher rates of self-reported breast pain than those treated with hypofractionation (moderate/severe pain, 41.1% vs 24.2%; P = .003).
• Hypofractionation not only improves convenience but is also associated with less acute pain, fatigue, and dermatitis among patients with breast cancer.
during and after treatment. Weekly treatment forms evaluated breast pain, chest wall pain, radiation dermatitis, lymphedema, and fatigue on the CTCAE grading scale (with definitions provided). Physicians were also asked whether the patient had moist desquamation and whether she had dry desquamation. Forms for physician assessments at end of treatment and in follow-up included all of these items, as well as CTCAE grading for pruritus, skin induration, dyspnea, pleuritic pain, pneumonitis, pericarditis, and pericardial effusion.
Patients who consented to participate in patientreported outcomes collection were also given detailed questionnaires at these same time points (eAppendix 2 in the Supplement). The questionnaires were developed using standard techniques for survey design, 18 including incorporation of existing validated instruments where possible and evaluation using detailed cognitive pretesting. 19 The weekly treatment forms included ratings of pain from a 4-item modified Brief Pain Inventory 20 (modified to specify breast pain), radiation skin reaction (using items developed specifically for this purpose), and bother related to the acute radiation reaction as assessed through an 8-item modified Skindex questionnaire 21 (specifying bother related to the radiation reaction rather than the more general "skin condition" terminology in the original instrument). The end-oftreatment forms included these items and items evaluating fatigue, satisfaction with treatment, and impact of radiotherapy adverse effects (using items developed in previous work by our research group). Follow-up questionnaires included the same measures of pain, skin reaction, and bother related to radiation reaction, as well as the detailed Breast Cancer Treatment Outcomes Scale. 22 Of note, patientreported information collected on these questionnaires was used for classification of patient race in this study, using options provided by the investigators. Where patientreported information on race was missing, race was classified into these investigator-defined categories based on review of medical records. Race was included as a covariate because the primary acute toxic effect of breast radiotherapy is dermatitis, which might manifest differently or be measured in systematically different ways by race (eg, because erythema is more difficult to appreciate in darker skin types). Dosimetric information was collected through medical physics data forms completed by dosimetrists at each participating site, as well as composite dose-volume histograms and DICOM (Digital Imaging and Communications in Medicine)-formatted files of the actual treatment plans that were uploaded to MROQC for each patient. These sources provided the information regarding fractionation schedule (which we considered, as in our previous work, to be hypofractionated if at least some radiotherapy fractions to the whole breast were >2 Gy in size-95% of these were 2.6-2.7 Gy; patients for whom all radiotherapy fractions to the whole-breast field were ≤2 Gy were considered to have received conventional fractionation-62.9% of these were 1.8 Gy and 37.1% were 2.0 Gy), whether nodes were treated, mean breast dose, maximum dose to 1 cm 3 of breast volume, and whether a boost was delivered.
Analysis
Two outcome measures were designated as co-primary end points for toxicity analyses a priori: patient-reported breast pain and physician-assessed moist desquamation. We first described the sample, stratified by fractionation schedule, for a number of key sociodemographic, clinical, and treatment factors: age, race, diabetes mellitus, hypertension, breast volume, separation distance from breast tangent entry to exit (which affects the ability to achieve homogeneous dose), body mass index, T stage, laterality, chemotherapy use, hormone therapy use, whether nodes were treated, mean breast dose, maximum dose to 1 cm 3 of breast volume, and whether a boost was delivered. We then evaluated the maximum toxicity rating reported during treatment through 7 days after treatment, as well as during a 6-month follow-up period (8-210 days after treatment), for each physician-assessed and patient-reported toxic effect in turn.
We compared each toxicity outcome between patients receiving conventional fractionation and hypofractionation after adjustment for the same set of potentially confounding sociodemographic, clinical, and treatment factors, using either a mixed-effects cumulative logit or mixed-effects logistic model depending on the levels of the outcome evaluated. The mixed-effects extension to standard linear models allows for the creation of hierarchical linear models in which the effects at the patient level can be nested within institution, and in which the independent effect of any given institution is not of interest, but rather, of interest is the generalization to the population of all possible institutions. [23] [24] [25] In this article, potentially confounding covariates at the patient level were modeled as fixed effects whereas institution was modeled as a random effect. P ≤ .05 was considered statistically meaningful. Finally, we conducted a sensitivity analysis within a more homogeneous subgroup of the overall study sample to evaluate consistency with findings in the larger cohort. Specifically, we evaluated the distribution of the 2 co-primary end points (patient-assessed breast pain and physician-assessed moist desquamation) within the subgroup of patients who did not undergo regional nodal irradiation and who did receive boost treatment, and we constructed models as described in the Methods section within this smaller subgroup. Table 1 presents the characteristics of the 2309 patients in the study cohort, all of whom underwent lumpectomy and adjuvant radiotherapy to the whole breast and were registered in MROQC from October 2011 through June 2014. Of these patients, 578 received hypofractionated whole-breast radiotherapy, of whom 347 (60%) received boost, and 1731 received conventionally fractionated whole-breast radiotherapy, of whom 1608 (93%) received boost. As shown in Table 1 , patients who received hypofractionation were older and of somewhat smaller body habitus, with smaller tumors and less frequency of nodal involvement, nodal radiation treatment, and chemotherapy receipt. In a sensitivity analysis conducted within a more homogenous subgroup of patients treated without regional nodal irradiation and with boost treatment, we observed qualitatively similar findings in the distribution of our co-primary end points. Specifically, among 1679 patients in this subgroup who were evaluable for physician-assessed toxic effects (1337 treated with conventional fractionation and 342 with hypofractionation), we observed rates of moist desquamation similar to those in the overall sample (27.8% among those treated with conventional fractionation and 8.2% among those treated with hypofractionation); this difference was not statistically significant (P = .06) in the multiple-variable models within this smaller subgroup. Among 1309 patients in this subgroup who were evaluable for patient-reported outcomes (1033 treated with conventional fractionation and 276 with hypofractionation), we observed similar rates of breast pain (29.2% moderate and Copyright 2015 American Medical Association. All rights reserved. 10.9% severe pain with conventional fractionation vs 23.9% moderate and 5.1% severe pain with hypofractionation); this difference remained statistically significant (P = .01) even in this smaller subgroup. eTable 1 in the Supplement reports the maximum physician-assessed toxic effects observed from 8 to 210 days after treatment in the 1781 patients who had a physician follow-up visit and assessment during that period. We observed, as expected, low rates of maximal toxic effects during this period. There were no significant differences in maximum physicianassessed toxic effects reported during follow-up, except that patients treated with conventional fractionation were less likely to have skin induration (15.5% vs 18.8%; adjusted OR, 0.40 [95% CI, 0.19-0.85]; P = .02). Finally, eTable 2 in the Supplement presents the maximum patient-reported toxic effects during the posttreatment follow-up period; no significant differences were observed between patients receiving conventional fractionation and those receiving hypofractionation.
Results
Discussion
In this large comparative analysis conducted in a prospective multicenter cohort of patients with breast cancer treated with adjuvant whole-breast radiotherapy after lumpectomy, we observed substantial differences by fractionation schedule in both physician-assessed and patient-reported acute toxic effects, including pain, fatigue, and skin reaction/bother during radiation treatment, but similar experiences after treatment. This suggests that the selection of radiation fractionation schedule may affect the incidence of acute, treatment-related toxic effects of adjuvant whole-breast radiotherapy, which may compromise patients' quality of life during this challenging period.
Considerable evidence has accumulated, particularly over the past decade, regarding the efficacy and safety of hypofractionated whole-breast radiation therapy. Randomized trials from Canada 1 and Great Britain 2 have demonstrated equivalent tumor control, as well as a possible reduction in late toxic effects in patients receiving hypofractionated schedules of 40 to 42.5 Gy in 15 to 16 fractions, compared with the conventional fractionation schedule of 50 Gy in 25 fractions. The decision to reduce the total dose is related to the observation of substantial toxic effects in older studies of hypofractionated whole-breast radiotherapy that maintained total dose in conjunction with higher dose per fraction. 12 Evidence from laboratory, animal, and clinical studies suggests that fraction size has a larger impact on late effects than acute effects of radiotherapy. [26] [27] [28] The linearquadratic model of the relationship between total isoeffective dose and dose per fraction addresses the observation that cells from late-responding tissues have survival curves that are more curved in shape (with a lower α to β ratio) than those from early-responding tissues. This means that for a given total dose, administration of higher doses per fraction would be expected to increase late toxic effects more substantially than acute toxic effects. Traditionally, tumors have been believed to resemble early-responding normal tissues, 29 but recently, it has become apparent that breast cancer cells may actually have an α to β ratio more similar to that seen in late-responding normal tissues, 15 meaning that equivalent tumor control might be possible in a hypofractionated regimen even if total dose were decreased. The decreasing of total dose, in turn, might have important implications for acute toxic effects, but little clinical evidence has existed prior to the present study to document this. The British FAST trial collected data on acute toxic effects in a subset of 327 patients, given reports of unusually severe reactions in 3 patients treated with the highly accelerated schedule of hypofractionation explored in that trial (28.5 or 30 Gy administered in 5 once-weekly fractions). The 3 reported events were deemed on review to have been neither unusual nor severe; and overall, grade 2 and 3 skin reactions appeared more frequent with conventional fractionation. 30 Documentation of the acute toxic effects of more commonly used hypofractionation schedules has been more limited. The START trials only documented that "unusually marked" acute reactions were rare and not more common with hypofractionation. 16, 17 Preliminary abstract presentations from Denmark, China, Nepal, and India have been limited by small samples and measurement concerns. [31] [32] [33] [34] Therefore, there remains considerable need for data regarding the acute toxic effects of hypofractionated radiotherapy, particularly from the patient's own perspective.
The only data available to our knowledge that describe patient-reported outcomes of hypofractionation in comparison to conventional fractionation are the preliminary results recently presented from a small randomized trial at a single institution, 35 which were consistent with the findings of this cohort study. We believe that these 2 studies complement one another (with the randomized trial offering the highest quality evidence of a causal relationship, and the present observational study offering the best external validity to generalize to real-world practice). Together, these studies offer relatively persuasive evidence that hypofractionation is indeed causally related to a reduction in acute toxic effects during breast radiation therapy, as actually practiced in the community.
The greatest strength of this study is its prospective collection of detailed clinical, toxicity, and treatment planning data from a large number of women treated in real-world radiation oncology practices. Increased awareness of the limitations of general cancer registries 36,37 in obtaining information on the very administration of radiotherapy itself, let alone the details necessary to evaluate questions relating to the comparative effectiveness of different radiation treatment approaches, has motivated growing interest in the development of radiation oncology-specific registries. 38 Although there are advantages to considering data from real-world practice and large numbers of patients from whom detailed physicianassessed and patient-reported measures have been collected, there are also associated limitations. First, the size and scope of such an endeavor as MROQC make it impossible to firmly standardize the timing of assessments beyond the immediate treatment period. Although it is reassuring that all patients included in the present analysis had an end-oftreatment evaluation, it is possible that patients treated with hypofractionation had a delayed incidence of their most severe acute toxic effects, which might have been missed as a result of the lack of a routine weekly visit after completion of treatment. We can, however, reassure the reader that there was no systematic difference in the distribution of timing of follow-up assessments by fractionation approach (eAppendix 3 in the Supplement). Moreover, we did collect information regarding toxic effects in any patients who were seen after treatment for any reason, including unscheduled short-interval toxicity management visits-so severe toxic effects prompting a visit would have been noted in the follow-up period. The general infrequency of toxic effects during the follow-up period and the similarities across numerous outcome measures for patients treated with each fractionation approach suggest that major differences in posttreatment toxicities are unlikely. Still, further research would be useful to explore posttreatment toxic effects in greater detail, including verification of the observation of a slightly higher rate of induration (albeit mostly mild) in the hypofractionation subgroup during follow-up in this study.
Another limitation of this study relates to its observational nature; patients were not randomly allocated to hypofractionation vs conventional fractionation, and most patients were treated with conventional fractionation. Some of the factors that affect selection of fractionation (including smaller body habitus and lack of chemotherapy administration) may themselves affect likelihood of acute toxic effects, such that the association observed might be confounded rather than causal. Nevertheless, MROQC includes information on many potential confounding factors, and the associations observed persisted even after adjustment for all of these. That these results are consistent with those of a randomized trial suggests that the associations observed are likely to be causal in nature. The main strength of this study is its ability to complement the findings of randomized trials to demonstrate that acute toxic effects seem to be less frequent and/or severe with hypofractionation as applied in routine practice in the community.
The slow and nonuniform uptake of hypofractionated breast radiotherapy has recently become the subject of considerable attention. [9] [10] [11] 39 Studies have shown that hypofractionation remains underused, even in analyses of patients treated well after the issuance of consensus guidelines, 3 mature long-term evidence from clinical trials, and the encouragement of the American Society for Radiation Oncology's Choosing Wisely campaign. 4 It is critical to recognize that hypofractionation not only provides equivalent long-term tumor control in selected patients at considerably lower cost and greater convenience, but it may also represent a more tolerably administered approach. Patients and physicians who may be cautious about embracing new techniques should consider carefully the evidence in the present study. Reducing the severity and frequency of acute toxic effects from breast radiotherapy has been cited as the justification for costly and complex treatment planning approaches, including intensitymodulated radiotherapy. The present results are striking insofar as they suggest that similar or even greater gains in tolerability might be possible with a simple adjustment to dosing schedules that is also less costly and more convenient.
Conclusions
This study provides information about the frequency and nature of acute toxic effects during whole-breast hypofrac-
